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Abstract
A common method of genotyping mice is via tissue obtained from tail biopsies. However, there is no available information
on the temporal development of sensory neurons in the tail and how their presence or absence might affect the age for
performing tail biopsies. The goals of this study were to determine if afferent sensory neurons, and in particular nociceptive
neurons, are present in the coccygeal vertebrae at or near the time of birth and if not, when they first can be visualized on
or in those vertebrae. Using toluidine blue neuronal staining, transmission electron microscopy, and calcitonin-related gene
peptide immunostaining, we found proximal to distal maturation of coccygeal nerve growth in the C57BL/6J mouse. Single
nerve bundles were first seen on postpartum day (PPD) 0. On PPD 3 presumptive nociceptive sensory nerve fibers were seen
entering the vertebral perichondrium. Neural development continued through the last time point (PPD 7) but at no time
were neural fibers seen entering the body of the vertebrae. The effect of age on the development of pain perception in the
neonatal mouse is discussed.
Citation: Silverman J, Hendricks G (2014) Sensory Neuron Development in Mouse Coccygeal Vertebrae and Its Relationship to Tail Biopsies for Genotyping. PLoS
ONE 9(2): e88158. doi:10.1371/journal.pone.0088158
Editor: Izumi Sugihara, Tokyo Medical and Dental University, Japan
Received August 23, 2013; Accepted January 3, 2014; Published February 4, 2014
Copyright:  2014 Silverman, Hendricks. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: All funding for this study was from internal institutional funds provided to the Department of Animal Medicine by the University of Massachusetts
Medical School. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: jerald.silverman@umassmed.edu
Introduction
One of the most common forms of genotyping mice is via tissue
obtained from tail biopsy (tailing) [1,2]. However, there is little if
any information as to whether the procedure might damage nerves
associated with the biopsied areas. More than 150 years ago,
researchers identified sensory nerve fibers on and within the long
bones of rodents (reviewed in reference [3]). These sensory fibers
are essential for an animal’s responsiveness to noxious stimuli
affecting the bone and periosteum, but also may serve an
important role in regulating blood flow and erythrogenesis within
the marrow [4] and stimulating osteoblasts and inhibiting
osteoclasts [5–7]. In contrast to the long bones, the irregularly
shaped coccygeal vertebrae have not been extensively researched
relative to the development of their innervation. Perhaps this is
because they are no more than ‘‘miniature long bones’’ [8], an
observation supported, in part, by the fact that the osseous
development of the coccygeal vertebrae is similar to that of long
bones [9,10]. Nevertheless, the literature on the coccygeal
vertebrae of mice and rats is not entirely barren. For example,
the morphology of mouse coccygeal vertebrae has been described
[11] as has their general growth and ossification pattern [9,12].
The effects of hypoxia on mouse coccygeal vertebral development
[8] and the development of vasomotor innervation in the rat tail
[13] also have been studied. But quite unlike long bones, there are
no studies addressing the early stages of sensory nerve growth on
and within the coccygeal vertebrae of the laboratory mouse.
DNA for genotyping mice can be isolated from tissues such as
the animals’ tail, ear, blood, or hair. As noted earlier, cutting off a
small piece of tail, typically 3–5 mm from animals less than 1 week
to more than 4 weeks of age [14], is often the preferred method for
obtaining tissue for genotyping; however, that procedure injures all
tissues in the path of the cutting blade, including sensory neurons,
if present. The degree of pain an animal experiences from tailing is
likely to be a function of the tissues injured, the maturation of the
animal’s peripheral and central nervous systems, and the presence
or absence of nociceptive neurons at or near the site of injury.
Observations of mice on their day of birth readily demonstrate
that these neonates are capable of moving their tails, thereby
indicating the presence of functional motor neurons and muscles
in the tail. Most likely, this movement is little more than
uncontrolled spontaneous twitching. It is not known though, if
afferent sensory neurons, and in particular nociceptive neurons,
are present in the coccygeal vertebrae at or near the time of birth
(as they are with long bones) and if not, when they first can be
visualized in those vertebrae. We have answered these questions
and extrapolated our findings to their possible impact on pain
from tailing.
Materials and Methods
Ethics Statement
This study was performed in accordance with the recommen-
dations of the Guide for the Care and Use of Laboratory Animals of the
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U.S. Institute for Laboratory Animal Research, National Research
Council [15] and carried out under approval A-2301-11 from the
Institutional Animal Care and Use Committee of the University of
Massachusetts Medical School.
Animals
One timed-pregnant C57BL/6J mouse (The Jackson Labora-
tory, Bar Harbor, ME) gave birth to 9 pups on postpartum day
(PPD) 0. On that day, 3 of the pups were briefly taken from their
dam and had the distal 5 mm of their tails removed by a quick cut
with a new razor blade. They were then wiped with bedding from
their home cage and uneventfully returned to their dam. On PPD
3 the same procedure was performed on 3 different mice from the
same litter and on PPD 7 the same procedure was performed on
the remaining 3 pups. Externally, the tail of a newborn C57BL/6J
mouse is about 1.25 cm in length. We removed 5 mm of the tail as
it was the largest section that we were confident could easily and
safely be removed from a neonatal mouse [16] and it would allow
us to readily integrate our findings with those of a previous study
which evaluated the temporal development of mouse coccygeal
vertebrae [12].
Each tail tip was cut into 3 approximately equal sections of just
under 2 mm in a manner that allowed for the identification of the
proximal and distal ends of each section. The middle section
shown in Figure 1 was not used in this study but was cut to allow
for improved fixation of the proximal and distal segments.
Tissue used for immunohistochemistry to detect calcitonin gene-
related peptide (CGRP) was obtained from six C57BL/6J pups
born to a second dam. On PPD 0, 3 and 7, two different pups (at
each time point) had the distal 5 mm of their tails biopsied as
described above.
Epoxy Resin Embedding for Transmission Electron
Microscopy (TEM)
Tail segments were fixed by immersion in 2.5% (v/v)
glutaraldehyde in 0.5 M Na phosphate buffer (pH 7.2) for 1 hour
at room temperature. The fixed samples were washed 3 times in
the same buffer. Following the third wash the tail segments were
post-fixed for 1 hour in 1% osmium tetroxide (w/v) in the same
buffer, washed 3 more times and left overnight at 4uC in fresh
buffer. The next morning the samples were dehydrated through a
graded series of ethanol to 100% and then transferred into
propylene oxide (2 changes) and finally into epoxy resin/propylene
oxide and left overnight to complete infiltration. Following
infiltration the tissues were transferred through 3 changes of fresh
epoxy resin and embedded in flat molds and polymerized at 70uC.
The polymerized blocks were then oriented so as to cut cross-
sections of the tail segments. One micron sections were taken and
stained with 1% toluidine blue and examined by light microscopy
for histological appearance and to select areas for correlative
TEM. Electron micrographs were collected using a Philips CM 10
transmission electron microscope (Koninklijke Philips, Amster-
dam, Netherlands) equipped with a Gatan, Erlangshen 785 digital
camera system (Gatan, Pleasanton, CA).
Acrylic Resin Embedding for Immunostaining CGRP
Tail segments were fixed by immersion in 4% paraformalde-
hyde for 1 hour at room temperature. The segments were then
washed overnight in 0.5 M Na phosphate buffer (pH 7.2).
Following the overnight wash the tail segments were dehydrated
through a graded series of ethanol to 100% (2 changes) and then
transferred into a 50:50 (V/V) mixture of LR White acrylic resin
and 100% ethanol and left overnight to infiltrate. The following
morning the tail segments were transferred through 3 changes of
fresh LR White acrylic resin (1 hour each) and then transferred
into BeemH capsules, capped, and placed in a 70uC oven to
polymerize. One micron sections were cut, stained with 1%
toluidine blue, and examined by light microscopy for histological
appearance. Consecutive sections were incubated with rabbit anti-
CGRP (Sigma-Aldrich #C 8198, St. Louis, MO) for 4 hours at
room temperature, washed and incubated with Texas RedH-X
goat anti-rabbit IgG (Life Technologies #T6391, Grand Island,
NY) in the dark for 1 hour at room temperature. Images were
recorded using an Olympus AX90 microscope with an automated
stage (Olympus America, Melville, NY) and a Q-Color5 5MP
digital camera system (Olympus America, Melville, NY).
Results
PPD 0
Toluidine blue staining on PPD 0 demonstrated single, discrete
nerve bundles at the proximal biopsy site (Figure 2). The nerve
bundles appeared small and unmyelinated. These results were
confirmed by TEM (Figure 3). Toluidine blue staining and TEM
of the distal biopsy site displayed a general lack of organization of
the developing tissues. CGRP immunostaining indicated that at
this age the putative sensory nerves were only along blood vessels,
not developing bone (Figure 4).
PPD 3
Toluidine blue staining indicated nerve bundle organization at
the proximal biopsy site. TEM at the proximal site revealed a
neuromuscular junction in one of the muscle bundles (Figure 5)
and numerous nerve fibers going to and through the forming
periosteum (Figure 6). None of the fibers seen were myelinated but
some had Schwann cells associated with them. The nerves were
still single, discrete bundles. At the proximal site CGRP staining
revealed immunoreactivity around blood vessels and what
appeared to be the first evidence of putative sensory nerve fibers
in the periosteum (Figure 7). There also was generalized CGRP
staining of the perichondrium, most probably due to the affinity of
immunoreactive CGRP with CGRP receptors in osteoclasts and
osteoblasts of the mineralizing vertebra [7,17,18]. At the distal
biopsy site, CGRP immunostaining of nerve fibers still was present
only around blood vessels.
Figure 1. Locations of tail biopsy examination sites. A 5 mm section from the end of the tail was taken from C57BL/6 mice at 0, 3, and 7 days
postpartum (PPD). The tissue was cut into 3 pieces and prepared for toluidine blue staining, transmission electron microscopy (TEM), and calcitonin
gene-related peptide (CGRP) immunostaining. The arrows indicate the areas examined by TEM and bright field microscopy.
doi:10.1371/journal.pone.0088158.g001
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PPD 7
Toluidine blue staining at the proximal biopsy cut showed that
the tissues were well organized, the nerve bundles appeared larger
than on previous days, and the bundles contained both myelinated
and unmyelinated axons that were found alongside blood vessels
and in the developing periosteum. Myelinated individual nerve
fibers were readily detected (Figure 8). The toluidine blue
observations from the proximal biopsy site were confirmed by
TEM examination (Figure 9).
At the distal biopsy site on PPD 7, toluidine blue staining
showed that one or more nerves had split into several nerve
bundles (not just a single bundle as found at PPD 0 and 3) and they
were coursing alongside small blood vessels (Figure 10). With
TEM we found nerve fibers in the forming periosteum (Figure 11)
and unmyelinated axons were readily detected.
At the proximal biopsy site CGRP immunostaining revealed
reactivity around blood vessels and what appears to be the first
evidence of a sensory nerve fiber staining in a nerve bundle, along
with the immunostaining of the forming periosteum (Figure 12)
which we first found on PPD 3. CGRP immunostaining at the
distal site was similar to the proximal site.
Discussion
The coccygeal vertebrae of mice and rats increase in number
and mature in a proximal to distal direction [9,11,12]. The present
data demonstrate that the nerve supply to the coccygeal vertebrae
of the C57BL/6J mouse also has proximal to distal maturation.
This was anticipated as the sensory nerve supply to mouse and rat
long bones exhibits proximal to distal growth and maturation
[3,7,19]. Because the proximal biopsy site was about 0.5 cm distal
to the base of the animals’ tail, it is likely that neural development
of the vertebrae closer to the sacrum occurred slightly earlier than
our findings from the proximal biopsy site that we used.
With toluidine blue staining, single nerve bundles were first seen
on PPD 0 at the proximal biopsy site along with limited CGRP
immunoreactivity. By PPD 3 there was continued growth of nerve
bundles, nerve fibers were seen in the perichondrium, and there
was early CGRP immunoreactivity of the perichondrium,
primarily at the proximal biopsy site. By PPD 7 the neural
development continued at both the proximal and distal biopsy
sites. At the proximal site CGRP immunoreactivity was present in
the perichondrium and individual nerves fibers were in nerve
bundles; however, even at this age, we did not visualize nerves or
nerve fibers entering the vertebral body although fibers may have
entered the vertebral body in areas not sectioned for this study.
The neuropeptide CGRP is produced by peripheral and central
nervous system neurons, including those of bony tissue. It has been
found to participate in the innervation of almost all rat long bones
and surrounding soft tissue [5,20] and in rats it has been detected
in the lumbar vertebral body [21] and the coccygeal intervertebral
disc [22]. Because CGRP can function in the transmission of
nociceptive signals, its detection by immunohistochemistry has
frequently been used as a marker of the presence of nociceptive
nerve fibers [7,22–25].
Using CGRP and Substance P as markers, sensory nerve fibers
were visualized in rat long bone periosteum prior to birth [24].
Most of these sensory nerves were located close to blood vessels
[20]. They first entered long bone diaphyses and then reached the
epiphyses by PPD 7–8 [7,26]. In the present study CGRP
immunostaining indicated that presumptive sensory fibers entered
the perichondrium of the developing coccygeal vertebra by PPD 7,
although weakly staining presumptive sensory fibers were found on
and in the perichondrium as early as PPD 3. Myelinated nerve
fibers first appear at PPD 14 in the rat femur [3], differing from
our finding of 7 days in the proximal coccygeal vertebrae. Todd
and Tokito [13], using TEM, identified vasomotor innervation of the
proximal end of the tail of the rat at PPD 3 but the nerve fibers did
not have a Schwann cell covering (i.e., there was no early
myelination). In the present study we also found at PPD 3 (using
TEM) unmyelinated nerve bundles running alongside coccygeal
Figure 2. PPD 0, proximal biopsy site. Cross section with toluidine
blue staining of a 1 mm epoxy section. An immature nerve bundle
(arrow) in the center of the image is clearly visible. DV (developing
vertebra), DBV (developing blood vessel).
doi:10.1371/journal.pone.0088158.g002
Figure 3. PPD 0, proximal biopsy site, TEM. This thin cross-section
shows that individual nerve fibers (NF) within the nerve bundle (upper
arrow) on the micrograph appear unmyelinated and no Schwann cells
are present. Note the small blood vessel lower center (lower arrow),
with what appears to be a small unmyelinated nerve fiber (NF) running
next to it surrounded by extracellular matrix.
doi:10.1371/journal.pone.0088158.g003
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blood vessels and at PPD 7 we found myelinated neural fibers in
nerve bundles that were not in proximity to vessels.
The periosteum of the mouse femur is innervated in part by
thinly myelinated Ad-fibers and peptide-rich unmyelinated sensory
C-fibers that express CGRP, with the majority of C-fibers likely
transmitting noxious stimuli [27,28]. Because of the extensive
sensory innervation of the periosteum of long bones [4] it has been
Figure 4. PPD 0. Proximal biopsy site. Adjacent 1 mm LR White acrylic resin sections were merged to show both the Texas Red fluorescent image
for CGRP staining and the tissue structure seen with toluidine blue staining. Note that the only evidence of CGRP neural staining is around the small
blood vessels (arrows) lower left and right. DV denotes the developing vertebra in the center of the image. The diffuse reddish color is most likely
CGRP staining of osteoclasts and possibly osteoblasts, resulting from the early mineralization of the vertebra.
doi:10.1371/journal.pone.0088158.g004
Figure 5. PPD 3, proximal biopsy site, TEM. This thin cross-section
shows a neuro-muscular junction (NMJ) below the arrow center of
image, on a small muscle cell cross-section (MF).
doi:10.1371/journal.pone.0088158.g005
Figure 6. PPD 3, proximal biopsy site, TEM. A thin cross-section
shows a nerve fiber in the periosteum with multiple nerve fibers (NF)
surrounded by a single Schwann cell (arrow points to the dark nucleus
of the Schwann cell).
doi:10.1371/journal.pone.0088158.g006
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hypothesized that periosteal distortion is painful [4,23]. Whether
or not tailing is painful to the mouse, as might occur when the
coccygeal periosteum, bone, and soft tissues are cut, has been
evaluated and depending on the age of the mouse and the specific
experimental conditions (including the strain of mouse studied
[12]) different conclusions have been drawn. For example, using
4–6 week old C57BL/6 mice, a 2.5 cm amputation of the tip of
the tail resulted in long-lasting hyperalgesia [29]. Using younger
C57Bl/6 mice (12 and 20 days of age) and a smaller biopsy sample
it was concluded that tail amputation had only minor, short-term
negative effects on animal welfare [30].
Figure 7. PPD 3, proximal biopsy site. Adjacent 1 mm LR White
acrylic resin sections were merged to show both the Texas Red
fluorescent image for CGRP staining and the tissue structure seen with
toluidine blue staining. Arrows indicate the first faint evidence of CGRP
staining in the periosteum. The structure at the top of the image is the
developing vertebra and the diffuse reddish color is most likely CGRP
staining of osteoclasts and possibly osteoblasts, resulting from the early
mineralization of the vertebra.
doi:10.1371/journal.pone.0088158.g007
Figure 8. PPD 7, proximal biopsy site, toluidine blue stain. This cross-section shows that many of the nerve fibers are now myelinated (dark
rings) and increased in number.
doi:10.1371/journal.pone.0088158.g008
Figure 9. PPD 7, proximal biopsy site, TEM. In this thin cross-
section there is a nerve bundle with numerous fiber tracks that are now
myelinated to some extent and surrounded by a Schwann cell as
indicated by the thick dark staining ring around some cells.
doi:10.1371/journal.pone.0088158.g009
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As noted earlier, although we found nerve fibers in the soft
tissues of the tail on the day of birth, it was not until PPD 3 that
nerves were clearly identified as entering the vertebral perichon-
drium, and not until PPD 7 that immunostaining revealed distinct
neural CGRP reactivity in the perichondrium rather than only
near blood vessels. Using microcomputed tomography, Hanken-
son and colleagues [12] examined the coccygeal vertebrae of 3 day
old C57Bl/6 mice and were unable to visualize immature
vertebrae (i.e., those having nonmineralized cartilage or only a
primary ossification center) in the severed end of a 2 mm tail
biopsy. They did, however, visualize immature vertebrae in the
severed end of a 5 mm tail biopsy (i.e., a cut made closer to the
animal’s body). Correlating the work of Hankenson et al. [12] with
the appearance and growth of nerve fibers seen in the current
study, it is tempting but nevertheless imprudent to conclude that a
5 mm tail biopsy on PPD 3– with evidence of nerve fibers
alongside blood vessels and infiltrating into the vertebral
perichondrium – is painful to the animal. This statement is
explained further below.
An important corollary question to this study is, ‘‘When does the
neonatal mouse have sufficient sentience to experience pain if its
tail is biopsied?’’ As stated above, pain cognition is likely to be a
function of central and peripheral nervous system maturation. For
mice, a species that is moderately neurologically immature at
birth, Mellor [31] proposed that they do not exhibit consciousness
until at least 4 days of age. This hypothesis was based in part on
the work of Diesch et al. [32] who, studying the electroenceph-
alographic responses of rat pups, found pups 5–7 days of age had
no electroencephalographic responses to tail clamping and
concluded that their pain perception developed gradually from
PPD 12 onwards. In contrast, McLaughlin et al. [33] showed that
Figure 10. PPD 7, distal biopsy site, toluidine blue stain. In this cross-section the nerve has split into several distinct tracks (arrows).
doi:10.1371/journal.pone.0088158.g010
Figure 11. PPD 7, distal biopsy site, TEM. In this thin cross-section
there is a nerve fiber (NF) in the periosteum surrounded by collagen
filaments (CF).
doi:10.1371/journal.pone.0088158.g011
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3 day old rat pups responded to a tonic pain stimulus (formalin
injection into the paw) in a manner similar to that of adult rats and
suggested that this response may depend on neurosensory and
neuromotor maturation rather than upon experimental condi-
tions. Narsinghani and Anand [34], in a detailed review of pain in
neonatal rats as young as PPD 0, concluded that neonates do
experience pain. More recently, Fitzgerald [35] reviewed exper-
imental evidence in rats and mice that helps support the views of
Mellor [31] and Diesch [32]. She noted that a lower percentage of
spinal dorsal horn neurons with nociceptive inputs are observed in
the first week of life as compared to adult animals and that
electrical stimulation of nociceptive C-fibers at that early age failed
to evoke a synchronized spike of postsynaptic currents in the dorsal
horn of the spinal cord. C-fiber activation occurs as the animal
matures. There are large diameter Ad fibers present at birth;
however, Ad fibers require a longer postnatal period to acquire
their full stimulus-response sensitivity, which corresponds to their
developing myelination [35]. Additional pain recognition consid-
erations are that neurotransmitter (such as Substance P) release is
not consistent in early age neonates and that certain C-fiber
synapses within the spinal cord occur as late as PPD 5 [35]. The
last finding suggests that ‘‘despite the ability of polymodal
nociceptors to signal noxious events in the periphery, central
nociceptive processing is immature in the postnatal period’’ [35].
Recently, Davidson and colleagues [36] demonstrated that the
spinothalamic tract axons of CD-1 mice reach the brain before
birth and exhibit morphological features of functionality while
continuing to increase in diameter until PPD 7. Notwithstanding,
central nociceptive processing at the level of the brain may remain
immature in the neonatal rodent. For example, the expression of
Fos protein, an indicator of nociception, did not increase in the
brain of PPD 0 rats after an injection of formalin into the paw. It
was not until PPD 14 that thalamic labeling was seen in areas
generally considered to be involved with the sensation of pain [37].
Our primary research goal was to determine the age at which
nerve fibers, and in particular nociceptive fibers, first entered the
developing bones of the mouse coccygeal vertebrae. At the level of
the proximal biopsy site we found that this occurs in the
developing periosteum between PPD 3 and PPD 7. It seems
reasonable that the highly innervated developing bone of the
coccygeal vertebrae, even when cartilaginous, could contribute to
increased pain when a mouse’s tail is injured during the tailing
procedure. However, in a neonatal mouse or rat, particularly prior
to approximately 12 days of age, a nociceptive stimulus may not
result in the conscious perception of pain due to the lack of a
competent pain pathway at this age. Using microcomputed
tomography on 5 mm tail biopsies from C57BL/6 mice,
Hankenson et al. [12] detected immature coccygeal vertebrae at
PPD 3 and mature vertebrae at PPD 17 and concluded that tail
biopsies for genotyping should preferably be taken at about PPD
14–17. Full neural development in the tail would likely be present
at 14–17 days of age but cutting the somewhat less ossified tissue
(as compared to after PPD 17) might be less traumatic and
subsequently less painful to the animals. Yet, given the potential
for true pain perception in rats after PPD 12–14 [32,37] it would
be prudent to consider the use of less invasive alternatives than
tailing when collecting tissue for the genotyping of mice. [38–40].
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